Abstract-Suprachiasmatic nucleus (SCN) neurons generate circadian rhythms, and these neurons normally exhibit looselysynchronized action potentials. Although electrotonic coupling has long been proposed to mediate this neuronal synchrony, ultrastructural studies have failed to detect gap junctions between SCN neurons. Nevertheless, it has been proposed that neuronal gap junctions exist in the SCN; that they consist of connexin32 or, alternatively, connexin36; and that connexin36 knockout eliminates neuronal coupling between SCN neurons and disrupts circadian rhythms. We used confocal immunofluorescence microscopy and freeze-fracture replica immunogold labeling to examine the distributions of connexin30, connexin32, connexin36, and connexin43 in rat and mouse SCN and used whole-cell recordings to re-assess electrotonic and tracer coupling. Connexin32-immunofluorescent puncta were essentially absent in SCN but connexin36 was relatively abundant. Fifteen neuronal gap junctions were identified ultrastructurally, all of which contained connexin36 but not connexin32, whereas nearby oligodendrocyte gap junctions contained connexin32. In adult SCN, one neuronal gap junction was >600 connexons, whereas 75% were smaller than 50 connexons, which may be below the limit of detectability by fluorescence microscopy and thin-section electron microscopy. Whole-cell recordings in hypothalamic slices revealed tracer coupling with neurobiotin in <5% of SCN neurons, and paired recordings (>40 pairs) did not reveal obvious electrotonic coupling or synchronized action potentials, consistent with few neurons possessing large gap junctions. However, most neurons had partial spikes or spikelets (often <1 mV), which remained after QX-314 [N-(2, 6-dimethylphenylcarbamoylmethyl)triethylammonium bromide] had blocked sodium-mediated action potentials within the recorded neuron, consistent with spikelet transmission via small gap junctions. Thus, a few "miniature" gap junctions on most SCN neurons appear to mediate weak electrotonic coupling between limited numbers of neuron pairs, thus accounting for frequent detection of partial spikes and hypothetically providing the basis for "loose" electrical or metabolic synchronization of electrical activity commonly observed in SCN neuronal populations during circadian rhythms.
The suprachiasmatic nucleus (SCN) is the primary generator of the circadian rhythm in mammals (reviewed by van den Pol and Dudek, 1993; Ibata et al., 1999; Hastings and Herzog, 2004) . Electrophysiological evidence from single-unit recordings (Green and Gillette, 1982) and days-long multiple-unit recordings of SCN neurons in hypothalamic slices (Bouskila and Dudek, 1993; Gribkoff et al., 2003) revealed that neurons in the isolated SCN generate a coordinated circadian rhythm of loosely synchronized electrical activity regulated by oscillatory mechanisms involving transcription and translation of circadian genes (Hastings and Herzog, 2004) . Excitatory glutamatergic inputs from the retina mediate entrainment of the circadian rhythm to the environmental light/dark cycle (Kim and Dudek, 1991; Castel et al., 1993; Mintz et al., 1999) . Although the intact SCN has a "free-running" (i.e. not entrained by environmental cues) oscillatory pattern of electrical activity that approximates 24 h, isolated SCN neurons have rhythms that range from about 20 h to 28 h (Welsh et al., 1995; Honma et al., 1998 Honma et al., , 2004 . The presence of circadian rhythms in free-running animals suggests that SCN neurons are normally synchronized by intercellular mechanisms that coordinate the circadian rhythms of individual SCN neurons and maintain the population rhythm of SCN electrical activity.
The intercellular mechanisms that synchronize the electrical rhythms of individual SCN neurons remain largely unknown, but one possibility involves the activity of local GABAergic neurons. Neurons of the SCN release GABA as an inhibitory neurotransmitter (see van den Pol and Dudek, 1993) , and anatomical studies have suggested that SCN neurons have local axonal projections that interconnect these neurons via GABAergic synapses (van den Pol, 1980) . Electrophysiological studies using whole-cell recordings from SCN neurons in hypothalamic slices have provided evidence that action potentials in these neurons evoke GABA A -receptor-mediated postsynaptic currents in other SCN neurons (Strecker et al., 1997) , and that local GABAergic circuits may contribute to synchronization of SCN neurons (Liu and Reppert, 2000; Wagner et al., 2006) . However, mechanisms that could underlie GABAmediated synchronization are not established.
Another hypothesis for synchronization of SCN neurons during circadian rhythms is electrotonic and/or metabolic coupling through gap junctions that directly link SCN neurons (van den Pol and Dudek, 1993) . However, ultrastructural studies using thin-section transmission electron microscopy (TEM) did not observe gap junctions between SCN neurons (van den Pol, 1980) . Moreover, electrophysiological studies with dual intracellular recording of cultured SCN slices found no direct evidence for electrotonic coupling, even though electrical coupling was extensive between nearby glial cells (Welsh and Reppert, 1996) . Nevertheless, SCN neurons in hypothalamic slices bathed in calcium-free solutions (which block chemical synaptic transmission) generated synchronous bursts of electrical activity, suggesting that electrical synchronization, possibly via gap junctions, can occur in the SCN without the participation of active chemical synapses (Bouskila and Dudek, 1993) . Subsequently, dye-and tracer-coupling studies and indirect electrophysiological evidence suggested that at least some SCN neurons are electrotonically coupled, presumably through gap junctions (Jiang et al., 1997; Colwell, 2000) . Moreover, connexin32 (Cx32) was reported in virtually all SCN neurons (Colwell, 2000) . However, neither ultrastructurally-defined gap junctions nor immunocytochemically-localized connexin has been documented in SCN neurons. More recently, dual whole-cell recordings provided evidence for electrotonic coupling and spike-for-spike synchrony in slices of normal rat SCN, whereas electrotonic coupling was not detected in SCN slices from connexin36 (Cx36)-knockout mice, which were also reported to have disrupted circadian rhythms (Long et al., 2005) . Based largely on this electrophysiological evidence and citing an unpublished abstract (Rash et al., 2002 ; Soc Neurosci Abstr 749.11) for immunocytochemical precedent, Long and coworkers (Long et al., 2005) proposed Cx36 as the primary or sole connexin in neuronal gap junctions in SCN, and suggested that Cx36 deletion disrupted circadian rhythms. Among the 21 connexins known to be present in mammals (Condorelli et al., 1998; Söhl and Willecke, 2003; Willecke et al., 2002) , both Cx36 and Cx45 have been demonstrated in ultrastructurallydefined neuronal gap junctions (Rash et al., 2000 (Rash et al., , 2001 Fukuda et al., 2006; Kamasawa et al., 2006) , and there is immunocytochemical evidence for neuronal expression of Cx50 and Cx57 in retina (Massey et al., 2003; Hombach et al., 2004; O'Brien et al., 2006) . In view of controversies surrounding the existence and connexin composition of neuronal gap junctions in SCN, we used confocal immunofluorescence microscopy and freeze-fracture replica immunogold labeling (FRIL) to document gap junctions in SCN neurons and to identify the constituent connexins in neurons vs. glia, and whole-cell recordings from hypothalamic slices to re-assess tracer and electrotonic coupling.
A portion of these data has been presented in abstract form (Rash et al., 2002 ; Soc Neurosci Abstr 749.11).
EXPERIMENTAL PROCEDURES
All experiments were conducted according to the Principles of Laboratory Animal Care (NIH Publication 86-23, rev. 1985) , with minimization of stress to and number of animals used. Ethical care and treatment of animals was conducted in accordance with individual protocols approved by the animal care and use committees of the respective institutions. For killing, anesthetized animals were decapitated, consistent with recommendations of the Capital Panel on Euthanasia of the American Veterinary Association. For the electrophysiological studies, all animals were killed between 9 and 10 AM [Zeitgeber time (ZT)ϭ3:00 -4:00]. For ultrastructural analysis, all animals were fixed between 11 AM and 1 PM (i.e. at ZTϭ5-7), which approximates the ZT of the electrophysiological experiments after equilibration of slices (see below), and is similar to those in other studies (Long et al., 2005) .
Light microscope immunocytochemistry
Twelve Cx36 homozygous wild-type (Cx36 ϩ/ϩ ) and eight Cx36 homozygous knockout (Cx36 Ϫ/Ϫ ) mice were used for fluorescence analysis. Mice were bred at the University of Manitoba Central Animal Care Services (Winnipeg, MB, Canada). Colonies of wild-type and Cx36 knockout mice were established from heterozygous (Cx36 ϩ/Ϫ ) (LacZ-neoR ϩ/Ϫ ) mice with F2 C57/B6-129vEv mixed background (Deans et al., 2001 ; kindly provided by Dr. D. Paul, Harvard University, Cambridge, MA, USA) and genotyped as previously described (Li et al., 2004) . Animals at ZTϭ4: 00 -7:00 were deeply anesthetized with Equithesin and perfused transcardially and sequentially with three solutions consisting of 4°C pre-fixative [0.9% saline in 50 mM sodium phosphate buffer, pH 7.4, phosphate-buffered saline (PBS)], then 2% formaldehyde from freshly depolymerized paraformaldehyde plus 0.2% picric acid fixative, followed by perfusion with 10% sucrose in PBS (Li et al., 2004) . Tissues were stored at 4°C for at least 24 h in cryoprotectant solution prior to sectioning and collection of cryostat sections on gelatinized glass slides.
Sections of brain containing the anterior to posterior poles of the SCN from wild-type mice and Cx36 knockout mice were incubated for 16 h at 4°C with one or two of 13 primary antibodies (Table 1) . The anti-Cx36 antibodies obtained from Invitrogen/ Zymed Laboratories (Camarillo, CA, USA) were against two different epitopes of the Cx36 protein sequence (Li et al., 2004) . All Cx36 antibodies were diluted in Tris-buffered saline Triton buffer (TBSTr) consisting of 50 mM Tris-HCl, pH 7.6, 1.5% NaCl, 0.3% Triton X-100 and 10% normal goat serum. After primary antibody incubation, sections were washed for 1 h in TBSTr and incubated for 1.5 h at room temperature with either AlexaFluor 488-conjugated goat anti-rabbit immunoglobulin G (IgG) (diluted 1:1000) (Molecular Probes, Eugene, OR, USA) or fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit or FITC-conjugated horse anti-mouse IgG (diluted 1:200) (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Following secondary incubation and washes, sections were washed for 15 min in PBS (25 mM sodium phosphate buffer, pH 7.4, 0.9% NaCl) and counterstained with NeuroTrace 530/615 red fluorescent Nissl stain (Molecular Probes) in PBS for 10 min, and then washed for 15 min in PBS prior to application of antifade medium and coverslipping. Additional sections were incubated simultaneously with rabbit polyclonal anti-Cx32 antibody Ab34-5700 (Invitrogen/Zymed) and monoclonal anti-2=,3=-cyclic nucleotide 3=-phosphodiesterase (anti-CNPase; Sternberger Monoclonals, Inc., Baltimore, MD, USA) in TBSTr containing 5% normal donkey serum. Sections were washed for 1 h in TBSTr, incubated for 1.5 h with FITCconjugated donkey anti-rabbit IgG diluted 1:200 and indocarbocyanine (Cy3)-conjugated goat anti-mouse IgG diluted 1:200 (Jackson ImmunoResearch Laboratories), washed for 20 min in TBSTr and for an additional 30 min in 50 mM Tris-HCl, pH 7.4. For labeling of connexin30 (Cx30) and connexin43 (Cx43), sections were incubated simultaneously with rabbit polyclonal anti-Cx30 (Ab71-2200) and mouse monoclonal anti-Cx43 (Ab35-5000), washed, then incubated simultaneously with FITC-conjugated donkey anti-rabbit IgG diluted 1:200 and Cy3-conjugated goat anti-mouse IgG diluted 1:200. After a final wash and application of anti-fade medium, all sections were coverslipped. Immunofluorescence was examined using a Zeiss Axioskop2 fluorescence microscope and an Olympus Fluoview IX70 confocal microscope. Images were obtained using Carl Zeiss Axiovision 3.0 image software (Carl Zeiss Canada, Toronto, ON, Canada) and assembled using Adobe Photoshop CS (Adobe Systems, San Jose, CA, USA), Northern Eclipse 5.0 (Empix Imaging, Mississauga, ON, Canada), and CorelDraw Graphics Suite 12 (Corel Corporation, Ottawa, ON, Canada).
Animals; formaldehyde fixation for FRIL. Nine adult SpragueDawley rats (one female, eight males; 101-479 g) and one P14 male rat (35 g) were anesthetized with ketamine (90 mg/kg) and xylazine (8 mg/kg) administered by i.p. injection. Rats were chemically fixed by whole-body perfusion (10 min) with 1%, 2% or 4% formaldehyde in Sørensen's phosphate buffer (SPB, pH 7.4); the animals were decapitated; the brains were removed; hand-cut coronal slices were embedded in gelatin; and sections containing SCN were cut into 100-m-thick slices using a Lancer Vibratome 3000 (Vibratome Company, St. Louis, MO, USA) equipped with a refrigerated stage maintained at 4°C. Samples were infiltrated with 30% glycerol, ultra-rapidly frozen by contact with a Ϫ195°C copper mirror (Phillips and Boyne, 1984) (Gentleman Jim, Ted Pella, Inc., Redding, CA, USA) or an MF7000 Slam Freezer (Boeckler Instruments, Tucson, AZ, USA), freeze fractured in a JEOL/RFD 9010C freeze-fracture machine (RMC/Boeckler; contact JEOL, Akishima, Japan), rotary coated with 1 nm of carbon, and unidirectionally shadowed with 1.0 -1.5 nm of platinum/carbon, followed by 20 nm of carbon (Rash and Yasumura, 1999; Rash et al., 1998 ; as modified in Kamasawa et al., 2006) . A gold index grid containing a droplet of 1.5-2.5% Lexan plastic dissolved in dichloroethane was placed on the frozen surface of the replica, the solvent was evaporated at Ϫ35°to Ϫ20°C, and the Lexan-stabilized samples were thawed and photo-mapped in a Molecular Dynamics Sarastro 2001 inverted laser scanning confocal microscope (no longer manufactured) or a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss, Inc., Thornwood, NY, USA). Samples were mapped both in transmitted light to reveal the location of the tissue with respect to the gold index grid and by fluorescence microscopy to reveal the locations of histological landmarks with respect to grid locations (Fig. 1) . The optic chiasm (lower dark area in transmitted light, Fig. 1B ; white area in fluorescence image, Fig. 1A) , with its undulating impression of the SCN (outlined areas, Fig. 1A-B) , and a ventral portion of the third brain ventricle were particularly useful landmarks that were easily recognized both in light microscopic images and in freeze-fracture replicas. Locations of gap junctions that were photographed by electron microscopy were plotted on the original light microscopic photomap of the same tissue slice (Rash et al., 1995 (Rash et al., , 1996 (Rash et al., , 1997 and transferred to their approximate locations in a single representative image from a mid-coronal section through the SCN. We use the term FRIL (rather than SDS-FRL; Fujimoto, 1995) based on precedence of FRIL (Gruijters et al., 1987) and on the combination of "confocal grid-mapped freeze fracture" (Rash et al., 1995 (Rash et al., , 1997 with SDS-FRL as FRIL (Rash et al., 2004b) .
Replica cleaning in sodium dodecylsulfate detergent (SDS) and immunogold labeling
After photomapping, grid-mapped replicas were washed for ca. 29 h at 48 -50°C in 2.5% SDS detergent and rinsed for 30 -90 min in labeling blocking buffer, which consists of 1.5% fish gelatin digest and 10% heat-inactivated goat serum (both from SigmaAldrich, St. Louis, MO, USA) in SPB (Rash et al., 1989) . Washed and blocking protein-treated replicas were immunogold labeled (Fujimoto, 1995; Rash and Yasumura, 1999; Furman et al., 2003) using 10 different affinity-purified antibodies to four different CNS connexins (Cx30, Cx32, Cx36 and Cx43; see Table 1 ). Goat antirabbit IgG conjugated to 10-nm and 20-nm gold beads was from Rash et al., (2000) .
Chemicon (Temecula, CA, USA; no longer available), goat anti-rabbit IgG and goat anti-mouse IgG conjugated to the 6-nm, 12-nm, and 18-nm gold beads were from Jackson ImmunoResearch, and goat anti-rabbit IgG conjugated to 20-nm and 30-nm gold was from BBInternational, Ltd. (Ted Pella, Inc.). Controls included omission of primary antibodies to a target connexin, as well as doublelabeling some replicas for one connexin plus one non-connexin membrane protein [e.g. N-methyl D-aspartate receptors (Rash and Yasumura, 1999; Rash et al., 2001b Rash et al., , 2005 or aquaporin4 (AQP4) (Rash et al., 1998b; Furman et al., 2003) ]. Labeled replicas were rinsed in distilled water, air dried at 60°C, and a stabilizing 20-nm coat of carbon was applied to the labeled side of the replica. The Lexan support film was removed by immersion of the labeled replicas in dichloroethane for 6 -9 h.
A third control was initial blind examination of some replicas (i.e. without knowledge of the primary labels or sizes of secondary labels used for multiple connexins). A particular advantage of FRIL is that labeling specificity is assessed directly, based on restriction of immunogold labels to a single type of molecular array (e.g. gap junctions, tight junctions, postsynaptic densities, and AQP4 square arrays) in ultrastructurally-identified cells, and consistent absence of that label from any other specific ultrastructural feature (Fujimoto, 1995 (Fujimoto, , 1997 Rash et al., 2004b) . In typical samples with low background, the signal-to-noise ratios ranged from 1000:1-15,000:1 (for details, see Meier et al., 2004; .
Electron microscopy
Labeled replicas were examined at 100 kV in a JEOL 2000 EX-II TEM equipped with a Ϯ60°tilting (goniometer) stage or in a JEOL 1200 EX TEM equipped with a Ϯ45°tilting stage. Selected areas were photographed as stereoscopic pairs having an 8°included angle, and all images were analyzed stereoscopically. Viewing stereoscopic images, and more particularly, viewing reverse (or intaglio) stereoscopic images, was essential for discriminating 6-nm gold beads from replicated intramembrane particles (IMPs) and pits, which may be 6 -10 nm, and of greater electron opacity than the 6-nm gold labels. Despite their low electron opacity, 6-nm gold beads were especially useful because they typically label at two to eight times the labeling efficiency of progressively larger gold beads (10-, 12-, 18-and 20-nm) and, hence, may be used for semi-quantitative analysis of connexins (Rash and Yasumura, 1999; Rash et al., 2004b) .
Criteria for identifying neurons and glia in freeze-fracture replicas
In FRIL replicas, neurons were identified based on 23 inclusive and exclusive criteria, as detailed previously (Rash et al., 1997) . Astrocytes and their processes were identified by distinctive bundles of 10-nm glial fibrillary acidic protein (GFAP) filaments in their cytoplasm (but see cautionary note; Bushong et al., 2002) , high density of IMPs in both protoplasmic faces (P-faces) and E-faces, and by the presence of AQP4 square arrays in their plasma membrane P-faces and topographically complementary (Steere and Moseley, 1969; Challcroft and Bullivant, 1970) square arrays of pits in their plasma membrane E-faces (Landis and Reese, 1974; Rash et al., 1998b Rash et al., , 2004a Furman et al., 2003) . This report uses the internationally-recognized terminology for describing membrane faces in freeze-fracture replicas (Branton et al., 1975) , wherein newly-cleaved and replicated protoplasmic fracture faces are designated by the mnemonic P-face and the newly-created extraplasmic leaflets (extracellular, extranuclear, extramitochondrial) are designated E-faces.
Oligodendrocyte plasma membranes were identified by low density of particles in both P-and E-faces, extended areas of particle-free membrane patches (particularly in myelin), reciprocal patches of mixed IMPs and pits on both E-and P-faces, and by sharing gap junctions with astrocytes (Mugnaini, 1986; Rash et al., 1997) , particularly on the outermost myelin layer and at everted paranodal loops . Ependymocytes were identified by their columnar morphology, abundant apical cilia and microvilli (both of which projected into the lumen of the third ventricle), and by abundant gap junctions on their lateral and basal plasma membranes.
Criteria for identifying gap junctions in freeze-fracture replicas
Gap junctions were identified based on well-established criteria (Brightman and Reese, 1969; Sloper, 1972; Berdan et al., 1987; Rash et al., 1997; reviewed in Rash et al., 1998a) , including: a) uniform 8 -9 nm diameter IMPs in their P-faces and uniform 8 -9 nm diameter pits in their E-faces; b) close packing of IMPs/ pits, often in regular hexagonal array; c) maintained alignment of the rows of IMPs and pits across the step from E-to P-face within the gap junction; and d) narrowing of the extracellular space from 10 to 20 nm to 2-3 nm within the border of those gap junctions in which both P-and E-faces were exposed. For additional criteria, see Kamasawa et al. (2006) . Within gap junctions, P-face connexon IMPs are of uniform 9-nm diameter, which is noticeably larger than virtually all other IMPs in the nearby plasma membrane P-face. Connexon E-face pits are equally distinct, making even small clusters of connexon P-face particles and E-face pits easily identifiable by their size and 10-nm center-to-center spacing (Gilula et al., 1972; Raviola and Gilula, 1975; Raviola et al., 1980; Rash et al., 1996; Meier et al., 2004) .
Electrophysiology
Male Sprague-Dawley rats and B6CBAF1/J mice were maintained at a temperature of 22°C with a 12-h light/dark cycle and with access to water and food ad libitum. At ZTϭ2:00 -4:00, mice and rats (P21-P45) were anesthetized with halothane and killed by decapitation. The brain was rapidly removed and immersed in ice-cold oxygenated (95% O 2 /5% CO 2 ) artificial cerebrospinal fluid containing: 124 mM NaCl, 24 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 3 mM KCl, 2.5 mM CaCl 2 , 2 mM MgSO 4 , and 10 mM dextrose. Coronal slices (300 m) containing the SCN were cut on a Vibratome and then transferred to a holding chamber oxygenated at 32°C and allowed to recover for 1 h. Individual brain slices were placed in a submerged recording chamber and continuously perfused (2 ml/min) with oxygenated artificial cerebrospinal fluid at 32°C. Neurons were visualized with an upright microscope (Nikon, E600FN) equipped with a 40ϫ water-immersion objective and infrared differential interference contrast optics. Somatic recordings were made with microelectrodes (2-5 M⍀) pulled from glass (KG-33) capillary tubing (1.65 mm OD, 1.20 mm ID, Garner Glass, Claremont, CA, USA) on a Flaming-Brown microelectrode puller (Sutter Instruments). The patch pipette solution contained: 130 mM K ϩ -gluconate, 10 mM Hepes, 1 mM NaCl, 1 mM CaCl 2 , 5 mM EGTA, 2 mM ATP, 0.5% neurobiotin, pH adjusted to 7.2-7.3 with KOH. For some recordings, QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium bromide; 5mM] was added to the pipette solution. To block fast synaptic transmission, D,L-2-amino-5-phosphonovaleric (AP-5; 50 M), 6,7-dinitroquinoxaline (DNQX; 20 M; Sigma), and bicuculline methiodide (BIC; 30 M) were added to the bath.
Functional connections between pairs of neurons from the SCN were assessed with dual patch-clamp recording techniques. Simultaneous cell-attached and whole-cell recordings from neuronal pairs were performed using two Axopatch 1 D amplifiers (Axon Instruments, Foster City, CA, USA). The data were lowpass filtered at 2 kHz, digitized at 10 kHz and stored on-line using PCLAMP 8.1 software (Axon Instruments). The following criteria were used to accept a recording: the series resistance was Ͻ20 M⍀, input resistance was Ͼ500 M⍀, resting membrane potential was ϾϪ40 mV, and overshooting action potentials were present. Dual recordings were performed on pairs of neurons whose somata were separated by 0 -30 m. Mini-Analysis software (Synaptosoft, Inc., Decatur, GA, USA) was used to detect spikes and calculate the cross-correlograms for paired spike trains ranging from 10 to 15 min in duration.
For the tracer coupling experiments, neurobiotin (Kita and Armstrong, 1991) (Vector Laboratories, Burlingame, CA, USA) was injected into cells with 1 nA depolarizing pulses (100 ms at 5 Hz). After 20 min, the slices were removed from the recording chamber and fixed overnight in 10% buffered formalin at 4°C. Slices were rinsed several times with PBS, treated with H 2 O 2 (3%) to block endogenous peroxidase activity, incubated in an avidinbiotin complex (Vector Laboratories; 1:500) with Triton X-100 (0.1%) for 4 -6 h at room temperature, and reacted with 3,3=-diaminobenzidene tetrahydrochloride. A total of 58 cells were injected, and 30 neurobiotin-labeled neurons were recovered. To control for non-specific staining, neurobiotin-filled electrodes were randomly placed in separate slices containing the SCN, and the same injection and histological procedures were performed. The non-specific staining procedure did not result in any labeled neurons (from nϭ5).
RESULTS

LM immunocytochemical localization of Cx36 vs. Cx32
Immunofluorescence labeling of Cx36 in adult mouse SCN is shown in Fig. 2 . Although the paired suprachiasmatic nuclei are readily identifiable by dark-field illumination of unstained sections, and by their anatomical proximity to the optic chiasm (ventrally) and third ventricle (medially), some sections were Nissl-stained with red fluorochrome to aid delineation of the SCN borders ( Fig. 2A, B) . Analysis of immunolabeling for Cx36 at various rostro-caudal areas of the SCN in fields comparable to that shown in Fig. 2B, including caudal (Fig. 2C) , midlevel ( Fig. 2D ) and rostral levels (Fig. 2E) , revealed fine Cx36-positive puncta throughout the SCN. Although not mapped quantitatively, dorsal and particularly dorsomedial regions contained slightly higher densities of puncta as compared with other areas; illustrated at posterior and anterior levels ( Fig. 2C, E) . Overall, immunopositive puncta were generally much smaller and were present in substantially lower density than in retina, inferior olivary nucleus, reticular thalamic nucleus and basomedial nucleus of the amygdala (Li et al., 2004; Rash et al., 2004b; Kamasawa et al., 2006) , but were comparable in numbers to those observed in hippocampus and appeared several-fold greater than in cerebral cortex (Nagy, unpublished observations) . Notably, the SCN contained a substantially greater density of Cx36-positive puncta than surrounding hypothalamic areas, and this feature alone was sufficient to distinguish SCN from surrounding tissue (Fig. 2E) . Similar densities and consistent patterns of labeling were observed in all animals examined using three different anti-Cx36 antibodies, including Ab36-4600 (Fig. 2) , Ab51-6300 (not shown) and Ab37-4600 (not shown), and similar results were obtained with these antibodies in rats (not shown). Further, sections processed simultaneously from Cx36-knockout mice revealed an absence of Cx36 immunolabeling in the SCN (Fig. 2F ) and in all other CNS regions examined. However, a few speckles were evident, similar to the numbers present after omission of primary antibody in both normal and Cx36 knockout animals, and these may represent artifactual deposits of clumped secondary antibody (Rash and Yasumura, 1999; Kamasawa et al., 2006) . Distribution of Cx36 in the SCN is shown by confocal immunofluorescence microscopy at low magnification in a 6-m thick z-stack (Fig. 2G ) and at higher magnification in a single scan (Fig. 2H) . Labeling of Cx36 appeared as either fine or coarse puncta, which were organized in random arrays or in short, linear patterns. Variations in size of Cx36-immunopositive puncta and their occasional accumulation in clusters were particularly evident at higher magnification (Fig. 2H) . The number of puncta that were present within the confines of the SCN in 6-m z-stacks measuring 118 mϫ118 m from four different mice yielded a mean of 204 puncta (Ϯ35, S.E.M.) per SCN z-stack. Based on a measured volume of 2.47ϫ10 7 m 3 per SCN nucleus in both P6 and P30 mice (Herzog et al., 2000) , we estimate that there are ca. 120,000 Cx36-immunoreactive puncta in the ca. 16,000 neurons that comprise the paired SCN, or 7.5 immunofluorescence-detectable puncta per neuron (Fig. 2H ).
FRIL localization of Cx36 but not Cx32 in neuronal gap junctions in adult SCN
In FRIL samples, we detected 12 neuronal gap junctions in adult (Figs. 3, 4) and three neuronal gap junctions in P14 SCN (Fig. 5) , all of which were labeled for Cx36, whereas 3 . Low magnification to high magnification stereoscopic views of Cx36-labeled gap junction on plasma membrane of neuronal cell body in ventromedial aspect of SCN in a sample that was doubled-labeled for Cx36 (18-nm gold beads) and Cx32 (6 nm and 12 nm gold beads, none present in this image; but see Fig. 6C-E) . (A) Stereoscopic image reveals the continuity of the cytoplasm (asterisk), as maintained by the secondary carbon support film applied before removal of the Lexan support layer (inset shown at higher magnification as B, C). The neuronal nucleus (N) has ca. 45 nuclear pores. (B) Overview of immunogold labeled reticular gap junction in broad expanse of neuronal plasma membrane. Red overlay indicates the 28-nm zone of probable labeling for connexons (Kamasawa et al., 2006) . Note the absence of non-specific background labeling. Connexons are 9 -10 nm, whereas other IMPs range from 4 to 8 nm in diameter. (C) High-magnification stereoscopic image of Cx36-labeled gap junction. Sixty gold beads label 622 connexons [labeling efficiency, LEϭ1:10 (Rash and Yasumura, 1999) ]. N, nucleus; *, cytoplasm. In this and subsequent FRIL electron micrographs, scale barsϭ0.1 m, unless otherwise indicated.
Cx32 was found only in oligodendrocyte gap junctions (see below). In low-to high-magnification electron micrographs of a neuronal cell body in the ventro-medial portion of the SCN (Fig. 3) , the somatic plasma membrane (boxed area in Fig. 3A ), outer nuclear membrane (N) and cross-fractured cytoplasm (asterisk) are seen. Although there was minor separation of the replica from the Lexan/carbon support film, even those cracked and partially-disrupted 199 connexons labeled by four 6-nm gold beads (arrows) and two 18-nm gold beads. Because of the low local angle of shadow, more than half the connexons were not shadowed with platinum but are faintly delineated by the primary carbon coat, as discerned by stereoscopic viewing (C-D) . The edge of gap junction is indicated by arrowheads. The number of connexons was calculated based on area of gap junction and 10-nm spacing in plaque gap junctions (Kamasawa et al., 2006) . ultrastructural features were maintained in position by the Lexan and secondary carbon support films. Stereoscopic examination of the replica and its continuous, underlying carbon support film allowed positive confirmation that this particular gap junction was on a neuronal cell body that was mapped to the ventro-medial aspect of the SCN. (For mapping, see below.) At higher magnification (Fig. 3B) , a major portion of this large reticular gap junction is seen, with its 622 exposed connexons labeled by 60 18-nm gold beads [labeling efficiency (LE; defined in Rash and Yasumura, 1999) of LEϭ1:10]. Reticular gap junctions, such as this one, differ from plaque gap junctions in that reticular gap junctions have one or more relatively small internal patches of membrane that are devoid of connexons or connexon imprints. Immunogold labeling for Cx36 provided further confirmation of the ultrastructural identification of this cluster of 10-nm IMPs as a gap junction. Moreover, stereoscopic imaging (Fig. 3C ) reveals that all gold labels are in the residual cytoplasm beneath the replica, where they label cytoplasmic epitopes of Cx36; and almost all gold beads are within the 28-nm zone of potential labeling (Kamasawa et al., 2006) for these tightly-aggregated IMPs (Fig. 3B, red overlay) . In almost all cases, multiple gold beads for Cx36 were present in each neuronal gap junction. Because each gold bead acts as an independent label, each gold bead represents a separate confirmation of Cx36 in neuronal gap junctions.
Eleven additional Cx36-labeled neuronal gap junctions were found in adult SCN, all on dendrites (Fig. 4) . Adult gap junctions included three small reticular gap junctions ( Fig. 4D-E) , six small plaque gap junctions (Fig. 4B) , one small string gap junction (not shown), and one small meandering gap junction (not shown). (For classification of gap junction morphologies in neurons, see Kamasawa et al., 2006 .) Overall in adult SCN, 92% (11/12) of labeled neuronal gap junctions had fewer than 100 connexons and 75% (nine/12) contained fewer than 50 connexons. In contrast, two of the three plaque gap junctions found in a single replica of P14 SCN were larger than 100 connexons (Fig. 5) , consistent with previous reports of relatively stronger coupling of immature neurons (Fulton et al., 1980; Walton and Navarette, 1991) .
As a separate verification of Cx36 in neuronal gap junctions, one sample was double-labeled using both monoclonal and polyclonal antibodies to Cx36. Two sizes of gold beads for monoclonal anti-Cx36 (6-nm and 12-nm gold) and one size (18-nm gold beads) for polyclonal antiCx36 (Fig. 4E) provided for independent verification of antibody labeling specificity within individual gap junctions.
In the same Cx36/Cx32 double-labeled replica of adult SCN as shown in Figs. 3 and 4A -B, Cx32 (6-nm and 12-nm gold beads) was not detectable in any of those same neuronal gap junctions, but Cx32 was found in nearby oligodendrocyte gap junctions (see below), thereby separately demonstrating: a) that Cx32 is not a primary (or detectable) component of neuronal gap junctions in SCN, and b) that absence of Cx32 in neuronal gap junctions cannot be attributed to false negatives due to inactive primary or secondary labels. In addition, Cx32 was not present in any of three Cx36-immunogold-labeled plaque gap junctions in the P14 rat SCN (Fig. 5 ) that had been double labeled for Cx36 and Cx32. Overall, Cx32 was not detected in any neuronal gap junctions in this or any other replica, including an additional four replicas that had been single-labeled for Cx32 or double-labeled for Cx32 plus other connexins or other membrane proteins (e.g. Cx43 or AQP4).
LM immunocytochemical localization of Cx32
In sections double-labeled for Cx32 and the oligodendrocyte marker CNPase, the SCN was readily distinguished from surrounding hypothalamic regions by its conspicuously low density of CNPase-positive structures, whereas adjacent areas contained numerous immunopositive cell bodies and dense labeling of myelinated fiber bundles (Fig.  6A1) . Labeling for Cx32 was sparse within the SCN, whereas surrounding areas displayed a moderate distribution of Cx32-positive cell bodies (Fig. 6A2 ), which were identified as oligodendrocyte somata based on their colabeling with CNPase (Fig. 6A3) . Labeling for Cx32 within SCN, although rare, was invariably associated with CNPase-positive elements, including both oligodendrocyte somata and fibers (Fig. 6B) .
FRIL localization of Cx32 to oligodendrocyte gap junctions in adult SCN
In five FRIL replicas from SCN labeled for Cx32 (three for Cx32ϩCx36, one for Cx32ϩCx43, and one for Cx32 only), immunogold beads for Cx32 were found only rarely, but always on oligodendrocyte gap junctions, consistent with observations from LM. Cx32 labeling was found in small gap junctions on oligodendrocyte somata (not shown, but see Kamasawa et al., 2005) , on paranodal loops of myelin ( Fig. 6C, D ; paranodal loops are numbered 1-4), and on the outer surface of myelin (Fig. 6E) . Fig. 6C , D provides further documentation of Cx32 in ultrastructurally-defined plaque gap junctions on paranodal loops of myelin in the vertebrate CNS , confirming suggestions for the existence of Cx32 in paranodal loops based on light microscopic immunocytochemistry (Li et al., 1997; Balice-Gordon et al., 1998; Nagy et al., 2003a Nagy et al., ,b, 2004 . In high-magnification stereoscopic views (Fig. 6D , left pair of images), and particularly in the reverse stereoscopic images (Fig. 6D , right pair of images), two sizes of immunogold beads (6-nm and 12-nm) associated with labeling of Cx32, confirmed that Cx32 is present in these small gap junctions ( Fig. 6D, E; green overlay) . The use of two sizes of gold beads to label Cx32 provided additional confidence in specificity of labeling for this relatively lowabundance connexin in the SCN. However, the smaller gold beads were difficult to discern on the TEM view screen at 10,000ϫ magnification examined with a 10ϫ binocular viewer (equivalent to viewing at 100,000ϫ), thereby requiring photography and viewing in high-magnification stereoscopic and reverse stereoscopic images to confirm their presence (Fig. 6D) . Despite exhaustive searches in these replicas, gap junctions were not labeled for Cx32 in neurons, astrocytes or ependymocytes (see above). . Double labeling in the same field shows sparse distribution of the oligodendrocyte marker CNPase (A1) and Cx32 (A2) within the SCN. Dense labeling for CNPase associated with myelinated fibers is evident outside the SCN (A1), and surrounding oligodendrocyte somata are immunopositive for both CNPase (A1, arrows) and Cx32 (A2, arrows), as seen in overlay (A3, arrows). CNPase-positive oligodendrocyte somata are infrequently seen within the SCN (B1, arrowheads), and these are also immunolabeled for Cx32 (B2, arrowheads), as seen in overlay (B3, arrowheads). Scale barsϭ100 m (A, B). (C) FRIL image of Cx32-labeled gap junction on paranodal loops of myelin (C, D) and on outer surface of myelin (E) (all from same replica as Fig. 3) . Ax, axoplasm. 1, 2, 3, 4ϭnumbered paranodal loops. High magnification stereoscopic views (D, left pair of images) and reverse stereoscopic images (D, right pair of images). Two sizes of immunogold beads for Cx32 [6-nm (arrows) and 12-nm] independently demonstrate the presence of Cx32 in paranodal gap junctions. (E) A small gap junction on the outer surface of myelin after double-labeling for Cx32 (one 12-nm gold bead present) plus Cx36 (18 nm gold; none present). As implied by confocal microscopy (A-B), Cx32-containing gap junctions were extremely rare within the borders of the SCN. E, E-face; P, P-face.
LM localization of Cx43 and Cx30 in and near the SCN
Double-labeling for Cx43 and Cx30 revealed higher levels of these connexins in the SCN than in adjacent hypothalamic areas (Fig. 7A) . Immunolabeling for both connexins was exclusively punctate, and was either randomly distributed or concentrated in patches, particularly in the case of Cx30 (Fig. 7A2, A3) . A distinct difference in labeling was evident in ependymal cells lining the third ventricle, where Cx43 was present at high density (Fig. 7A1) and Cx30 was nearly absent (Fig. 7A2) . Although the degree of Cx30/ Cx43 co-localization was difficult to discern at low magnification, confocal analysis indicated that nearly all of the Cx30-immunopositive puncta within the SCN, as shown near the ependymal layer, were also immunopositive for Cx43 but, conversely, most Cx43-positive puncta in the ependymal layer were not positive for Cx30 (Fig. 7B) . However, minimal co-localization of a few small puncta occurred at the base of ependymocytes (Fig. 7B) , possibly at ependymocyte/astrocyte junctions, as found in conven- (C-G) Oligodendrocyte-to-astrocyte gap junctions in FRIL replica of SCN after immunogold labeling for Cx43 (20-nm gold beads) and AQP4 (10-nm gold beads). *, GFAP filaments in astrocyte cytoplasm. Oligodendrocyte plasma membrane E-face has four gap junctions, portions of which are inscribed and shown in higher magnification stereoscopic images (D-G), which reveal the characteristic close spacing of E-face connexon pits. One gap junction (G) reveals the fracture step from oligodendrocyte E-face to astrocyte P-face. All E-face labeling of gap junctions is to cytoplasmic determinants of connexons in the underlying astrocyte plasma membrane (Massa and Mugnaini, 1982; Mugnaini, 1986; Rash et al., 1997 Rash et al., , 2001b . tional thin-section TEM images (Mugnaini, 1986; Rash et al., 1997) .
FRIL localization of Cx43 in the astrocyte-side of oligodendrocyte/astrocyte gap junctions
Astrocyte/astrocyte and oligodendrocyte/astrocyte gap junctions identified in FRIL replicas of SCN were almost always immunogold labeled for Cx43 (Fig. 7C-G) . Astrocyte processes were identified by the presence of GFAP filaments in their cytoplasm (Fig. 7C, asterisk) and by the presence of AQP4 square arrays (not shown) in their plasma membranes (Rash et al., 1998b (Rash et al., , 2004a Furman et al., 2003) . Oligodendrocyte plasma membranes were characterized by the presence of one or more gap junctions that were surrounded by discontinuous rows of E-face IMPs (Fig. 7F ) that we previously designated as oligodendrocyte-specific lariats (Rash et al., 1997) . In this small portion of oligodendrocyte plasma membrane, four oligodendrocyte-to-astrocyte gap junctions are present, and portions of each (boxes) are shown at higher magnification to reveal the characteristic irregular close spacing of E-face pits (Fig. 7D-G) . In addition, where the fracture plane stepped from oligodendrocyte E-face to astrocyte P-face (Fig. 7G) , the extracellular space was narrowed to 3 nm. When viewed from oligodendrocyte toward the underlying astrocyte, the gap junction oligodendrocyte E-faces and astrocyte P-faces were labeled for Cx43, as previously demonstrated in other CNS regions (Rash et al., 2001b) .
Co-localization of Cx43 and Cx30 in astrocyte gap junctions; only Cx43 in ependymocyte gap junctions
In FRIL replicas, ependymocytes were positively identified by their anatomical location (see Fig. 1A ), as well as by the presence of numerous cilia and microvilli on their apical surfaces (Fig. 8A ), a few AQP4 square arrays in their plasma membranes (Rash et al., 1998b) , and bundles of 10-nm GFAP-like filaments in their cytoplasm (Rash et al., 1998b) . In SCN samples labeled for Cx43 and AQP4, gap junctions linking lateral margins of ependymocytes were abundant, and almost all of those were well labeled for Cx43 (Fig. 8A, B) . In samples double-labeled for Cx43ϩCx30, ependymocyte/ependymocyte gap junctions were labeled only for Cx43, but not for Cx30 (Fig.  8C) , whereas gap junctions between nearby astrocytes were usually labeled for both Cx43 and Cx30 (Fig. 8D) . In astrocyte/astrocyte gap junctions, labeling for Cx30 was robust, sometimes exceeding labeling for Cx43 (Fig. 8D) . When cross-fractured, astrocytes were often identified by distinctive GFAP filaments in their cytoplasms (Fig. 8E, G) and by labeling of their gap junctions for Cx43 (Fig. 8E , 10-nm gold beads).
Overall, more than 500 Cx43-labeled astrocyte and ependymocyte gap junctions were examined in SCN samples, and more than 250 were photographed. In contrast, no examples of Cx43-labeled neuronal gap junctions were encountered, nor were examples of astrocyte/neuron gap junctions observed, either labeled or unlabeled. In addition, no ependymocyte gap junctions contained Cx30, Cx32 or Cx36.
FRIL mapping of connexins
The location of each neuronal and glial gap junction was plotted on a representative confocal photomap of one of the specimens. In a composite photomap of one FRIL sample (Fig. 9) , 15 locations containing neuronal gap junctions are indicated, 12 in adult SCN, including three in the subparaventricular output zone of the SCN (Saper et al., 2005) . The left side contains locations of five Cx36-labeled neuronal gap junctions and two Cx32-labeled oligodendrocyte gap junctions found in a single Cx32ϩCx36 doublelabeled replica. (The asterisk designates the only gap junction found on a neuron cell body; from Fig. 3 .) The low number of Cx32 immunofluorescent puncta seen by confocal microscopy (Fig. 6A, B) is reflected in the difficulty in detecting Cx32-containing gap junctions by FRIL. The right side of the map shows the locations of the remaining 10 Cx36-labeled gap junctions (red dots and red triangles), one Cx32-labeled oligodendrocyte gap junctions (green dot), one Cx43-labeled astrocyte gap junction (blue dot) and one Cx43-labeled ependymocyte gap junction (blue dot on 3rd ventricle). Unmapped are Ͼ50 Cx43-labeled ependymocyte gap junctions, Ͼ200 Cx43-labeled astrocyte gap junctions, and more than a dozen Cx43/Cx30 double-labeled astrocyte gap junctions. Many additional examples of labeled astrocyte gap junctions were found but not photographed because they were essentially confirmatory and did not constitute exceptions to the labeling patterns reported here and elsewhere (Rash et al., 2001b) .
Tracer coupling with neurobiotin
To test for tracer coupling in the SCN, whole-cell patch clamp recordings made under visual control were obtained from single SCN neurons. The tracer, neurobiotin (286 Da; Kita and Armstrong, 1991) , was injected by intermittent depolarizing pulses over time periods ranging from 5 to 60 min. Of the 58 SCN neurons injected, 28 tracer-stained single SCN neurons were recovered, 29 were not successfully contrasted, and only one example of two neurons showed evidence for tracer coupling after injection of a single SCN neuron (not shown because tracer coupling was seen only once). In contrast to SCN neurons, injection of a single astrocyte using the same technique resulted in the labeling of a large population of cells within the SCN (not shown).
Electrophysiology
To test for electrical coupling in the SCN, patch clamp recordings were performed on single neurons or pairs of neurons. Fast synaptic transmission was blocked by the glutamate receptor antagonists, DNQX (20 M) and AP-5 (50 M), and the GABA A receptor antagonist, BIC (30 M). Spikelets occurred spontaneously but not synchronously in 48% of the paired recordings (nϭ12/25) under conditions when synaptic transmission was blocked (Fig. 10A2 and  10B1-2) . Spikelets could precede (Fig. 10A) or follow action potentials, and they were also present at hyperpolarized potentials (Ϫ60 to Ϫ80 mV). While the amplitude of spikelets varied from Ͻ0.5 mV to 2 mV and their durations from 2 to12 In stereoscopic images of ependymocyte-to-ependymocyte gap junctions double-labeled for Cx43 and Cx30, gap junctions were labeled only for Cx43 (C; 10-nm gold) but not for Cx30 (20-nm gold; none present), whereas gap junctions between astrocytes (D) were labeled for both Cx43 (10-nm gold, black arrowhead) and Cx30 (20-nm gold, white arrow). (E) Sub-ependymal astrocyte gap junction labeled for Cx43. From the same sample as Figs. 7C and 8A-B . G, GFAP filaments in astrocyte cytoplasm. ms, the waveform of the spikelets was either monophasic or biphasic ( Fig. 10B1-2) , and was appreciably different from the waveform of excitatory postsynaptic potentials (EPSPs; Fig. 10B3 ). Therefore, as previously reported, almost half of SCN neurons exhibited spontaneous spikelets (Wheal and Thomson, 1984; Kim and Dudek, 1992) .
The criteria to detect spikelets in our experiments were the same as has been used in other electrophysiology studies on spikelets or partial spikes, namely, a much faster rise than decay time, and a much faster decay time than for a typical EPSP, which decays at approximately the membrane time constant. In particular, Fig. 10 (compare the spikelets in B1 and B2 vs. the EPSP in B3) shows that the EPSPs have a much slower decay than the spikelets (i.e. on the order of tens of milliseconds versus a few milliseconds). The data were averaged to enhance the signal-to-noise ratio. A biphasic spikelet presumably derives from an action potential with a large-amplitude hyperpolarizing afterpotential, while a monophasic spikelet is presumed to arise from an action potential with a small or non-existent hyperpolarizing afterpotential.
Spikelets are thought to represent either the attenuated transmission of an action potential from an electrically coupled neuron (MacVicar and Dudek, 1981) or ectopic action potentials generated distally in the dendrite or axon (e.g. Eyzaguirre and Kuffler, 1955; Spencer and Kandel, 1961) . To investigate the possibility that spikelets were mediated by sodium spikes propagating from compartments within the recorded cell, we performed whole-cell recordings from single SCN neurons with the sodium channel blocker, QX-314, in the pipette solution (nϭ6). Within a minute after rupturing the membrane and obtaining a whole-cell recording, QX-314 progressively eliminated spontaneous and evoked action potentials (Fig. 11A) . In the presence of QX-314 in the recorded cells, spikelets could still be recorded from SCN neurons (Fig. 11B1) ; and increasing the excitability of the network by the application of the potassium channel blocker 4-AP (500 M) increased the frequency and amplitude of the spikelets (not shown). In contrast, bath application of tetrodotoxin (1 M) blocked the spikelets (Fig. 11B2) .
To test for direct electrical interactions, hyperpolarizing current pulses of various intensities and durations were injected into SCN neurons, and the recordings were examined for direct current flow between pairs. Cells were tested for electrotonic coupling by using both low-and high-amplitude current injections (i.e. current injections that gave small voltage changes and changes of up to 150 mV) at both short and long durations. We did not detect any damage to the recorded neurons during the strong current injections, and we found no evidence of reciprocal voltage responses in any of the pairs (Fig. 12A, B; nϭ15) . Composite confocal grid map of Cx36-labeled gap junctions on photomapped SCNs, including one on neuronal cell body (red asterisk) and 11 on dendrites (red dots) of adult, plus three on dendrites of P14 (red triangles). Left side of image illustrates locations of gap junctions in a single replica that was double-labeled for Cx36 plus Cx32 (red asterisk, Fig. 3 ; and red dots, from Fig. 4A -B designate neuronal gap junctions; green dots designate oligodendrocyte gap junctions, from Fig. 6C-E) . Right side of image presents data compiled from five replicas from adult and one replica from P14. Red trianglesϭneuronal gap junctions from P14, Fig. 5 ; blue dotsϭastrocyte gap junctions (lower blue dot, Fig. 8E ) and ependymocyte gap junctions (upper blue dot, Fig. 8A, B) ; dashed linesϭSCN; dotted linesϭsubparaventricular extension of the SCN (Saper et al., 2005) .
Thus, no evidence for electrotonic coupling was seen in paired recordings, even though we estimate that coupling with a coefficient as low as 0.01 could have been detected in these paired recordings.
Dual cell-attached (nϭ7) and whole-cell recordings (nϭ25) from pairs of SCN neurons were performed to determine the synchrony of spike activity (Fig. 13A, B) . The rate of firing was controlled by tonic current passage. Cross-correlation analysis of the sodium spike activity of neighboring SCN neurons revealed no peak at time 0, indicating that the spike activity was asynchronous. In neural networks, electrical coupling can function as a lowpass filter. Thus, our ability to detect synchronized firing may have been influenced by the attenuation of the fast sodium spike in the coupled neuron. We tested whether broadening the presynaptic spike would promote synchrony between SCN neuronal pairs. Bath application of 4-AP (2.5 mM) prolonged the duration of the sodium spike and initiated a complex burst pattern consisting of sodiumand calcium-mediated spikes. However, cross-correlograms of spike activity in the presence of 4-AP also did not reveal a peak, indicating that neither the prolonged sodium spikes nor the calcium spikes were synchronized ( Fig. 13C; nϭ14) .
DISCUSSION
This report provides the first ultrastructural evidence for neuronal gap junctions in the SCN, the first immunocytochemical evidence that these neuronal gap junctions are composed of Cx36, and immunocytochemical and FRIL evidence that SCN neuronal gap junctions do not contain Cx32, as had been suggested (Colwell, 2000) . We show that neuronal gap junctions in SCN were present in two major classes: a few large conventional gap junctions vs. more abundant miniature (mini) gap junctions, most of which were smaller than 50 connexons. Our data also support the hypothesis of cell-type-specific expression of the other three connexins tested, with Cx32 confined to oligodendrocyte gap junctions; Cx30 and Cx43 in astrocyte gap junctions; and Cx43 (but none of the other connexins) in ependymocyte junctions, extending similar data from other regions of the CNS (Rash et al., 2001a,b; Nagy et al., 2003a Nagy et al., ,b, 2004 Kamasawa et al., 2005 Kamasawa et al., , 2006 . The physiological data in the current study also demonstrate that the proportion of cell pairs that show evidence for electrotonic or tracer coupling or spike-to-spike synchrony is quite low (i.e. no spike synchrony in our study and only one pair of tracer-coupled neurons). Based on the data from both the light and electron microscopic observations and from the electrophysiological recordings, the pattern of electrotonic coupling between neurons in the SCN occurs mostly via miniature gap junctions between pairs or small groups of SCN neurons. Consequently, pairs of SCN neurons rarely show detectable coupling or synchrony even though many if not most SCN neurons have spikelets, which result primarily or exclusively from electrotonic coupling to another (or only a few) other SCN neurons (Fig. 14) .
Immunofluorescent puncta for Cx36 were present at moderate density in the SCN. As in retina and spinal cord, many neuronal gap junctions in adult SCN were so small that they would probably have been difficult to detect by confocal immunofluorescence microscopy (Kamasawa et al., 2006) . The few large gap junctions detected by FRIL in adult SCN (one of 12) would account for both rare tracer coupling (Ͻ5% of SCN neurons) and the few examples of coupling ratios Ͼ0.10 reported by Long et al. (2005) . In contrast, the rela- tively more abundant mini gap junctions found by FRIL may account for the more frequent examples of coupling ratios Ͻ0.10 (Long et al., 2005) and the smallest of the partial spikes in SCN neurons. Because QX-314 is able to spread throughout each of the recorded SCN neurons, but probably did not cross the mini gap junctions in sufficient amounts to block action potentials in the coupled cells (at least in the time course of our experiments), the partial spikes or spikelets previously observed in the SCN (Wheal and Thomson, 1984; Kim and Dudek, 1992) and consistently observed in the present recordings presumably represent electrotonic coupling potentials rather than dendritic or axonal spikes in the recorded neurons (e.g. Eyzaguirre and Kuffler, 1955; Spencer and Kandel, 1961) . Therefore, the low-amplitude partial spikes, often barely discernable from electrical noise, detected in roughly half of the SCN neurons presumably reflect weak coupling by mini gap junctions.
Detection of neuronal gap junctions in SCN
By confocal microscopy, we estimated ca. 120,000 fluorescent puncta in the paired SCN of mice, for an average of 7.5 immunofluorescence-detectable puncta for each of the approximately 16,000 neurons (van den Pol, 1980) . Based on the near absence of immunofluorescent puncta in Cx36 KO mice, the rate of false-positive puncta is estimated to be very low. Conversely, with respect to false negatives, our recent quantitative confocal and FRIL studies of Ͼ2000 gap junctions varying from four to 3000 connexons in rodent retina suggest that the constraints of labeling and immunofluorescence imaging may limit lightmicroscopic detection of the smallest gap junctions (i.e. Ͻ30 -50 connexons; Kamasawa et al., 2006) . Thus, FRIL data suggesting that more than half of neuronal gap junctions in SCN have fewer than 50 connexons implies the possibility of additional mini gap junctions per neuron. Regardless, each SCN neuron appears to be detectably coupled to one or two other neurons, but may be more weakly coupled to additional neurons by a small but unknown number of mini gap junctions.
Conventional thin-section TEM is not capable of identifying mini gap junctions because they are smaller than the 60 -90 nm thickness of typical TEM sections (Sotelo and Korn, 1978; Berdan et al., 1987; Rash et al., 1998a) . For example, in thin-section studies of adult rat spinal cord, only large gap junctions had been detected, and then, only in the caudal extent of the lumbosacral enlargement in the nucleus of the bulbocavernosus (Matsumoto et al., 1988 (Matsumoto et al., , 1989 . By comparison, conventional freeze fracture and FRIL allowed identification of small gap junctions based on well-established ultrastructural criteria (Massa and Mugnaini, 1982; Mugnaini, 1986; Rash et al., 1996 Rash et al., , 1997 Rash et al., , 1998a Meier et al., 2004) . In a freeze-fracture study of spinal cord, we found ca. 100 mini gap junctions between spinal cord neurons in cervical, thoracic, and lumbosacral regions (Rash et al., 1996 (Rash et al., , 1998a , with Ͼ50% of those smaller than 45 connexons (Rash et al., 1996) . Subsequently, Cx36-fluorescence immunocytochemistry and FRIL revealed the abundance of similar neuronal mini gap junctions in several other regions of the CNS, including retina and locus coeruleus (Kamasawa et al., 2006; Rash et al., 2007) .
Correlation of microscopical and electrophysiological data
The relatively rare occurrence of large Cx36-containing gap junctions between SCN neurons may account for the rare observation of tracer coupling of these neurons (Welsh and Reppert, 1996) . Current data support those of 1-4) and the voltage responses recorded from cell 2 (i.e. the four traces at the bottom of the panel; 1-4) are shown as single sweeps corresponding to the four negative current pulses above. (B) Cell 1 was injected with negative current pulses of long duration (1 nA, 600 ms), but no postjunctional voltage deflection was recorded in cell two (i.e. lack of evidence for electrotonic coupling between this pair). However, spontaneous spikelets were recorded from cell 2, presumably arising from coupling between cell 2 and a third cell. Jobst et al. (2004) , who found tracer coupling in only two of 21 calbindin-positive neurons in the SCN, and those of Long and coworkers (2005) , who reported electrotonic coupling with coupling coefficients Ͼ0.10 and spike-forspike synchrony in 5-10% of SCN neuronal pairs. However, in contrast to Long et al. (2005) , we found no direct evidence of spike-for-spike synchrony. Our experiments were performed at essentially the same ZT as Long et al. (2005) , excluding differences in ZT as a possible basis for the different results. The higher incidence of coupling and possibly of stronger coupling in the reports of Long et al. (2005) and Colwell (2000) may have been due to their use of more immature animals, i.e. postnatal days 10 -14 (Colwell, 2000) and postnatal days 17-23 (Long et al., 2005) vs. postnatal days 21-45 in this report. Colwell (2000) originally proposed that SCN cells were extensively dye coupled during the day but minimally dye coupled during the night. Long et al. (2005) also concluded that the proportion of electrotonically coupled neurons was related to the phase of the circadian rhythm. However, they studied coupling during only eight of the 24-h circadian days, and did not compare with electrotonic coupling across circadian night, which would have been required to establish a circadian relationship. Long et al. (2005) stated that circadian rhythms of wheel-running behavior were dampened, but coordinated circadian rhythms were clearly present in their data (e.g. see Fig. 3b of Long et al., 2005) . Furthermore, examination of the reported coupling coefficients (versus the percentage of coupled neurons) as a function of time (Long et al., 2005) reveals that the strength of the coupling was nearly equal before vs. after ZT 8:00 (i.e. two of the five more strongly coupled neuron pairs were recorded at approximately ZTϭ10 and ZTϭ11). This alternative analysis of the data of Long et al. (2005) does not support a diurnal difference in coupling; rather, it suggests that coupling is not under circadian regulation. If electrotonic coupling through gap junctions plays a role in synchronizing the rhythms of individual SCN clock neurons, there is no obvious reason why the proportion of coupled neurons or the coupling coefficient should be under circadian control (i.e. synchrony of clock cells could be achieved without the necessity of changes in coupling efficiency as a function of the circadian cycle).
Circadian rhythmicity of coupling
Detection of spikelets
A key issue addressed here is that at least some spikelets persisted in the presence of QX-314. The potential concern that QX-314 may not have diffused into the dendrite and blocked dendritic spikes is unlikely. Neurobiotin (similar molecular weight to QX-314) rapidly and consistently stains the dendrites. Moreover, Stuart and Sakmann (1994) showed that when QX-314 was infused into the distal dendrite of a cortical pyramidal cell hundreds of micrometers from the soma (a further distance than the length of SCN dendrites), the sodium spikes in the soma were blocked within a minute or two. Thus, we propose that because QX-314 blocked the sodium-mediated action potentials within the recorded neuron, spikelets must have arisen from action potentials in one or more neurons that were coupled to the recorded cell via small gap junctions. Because we found virtually no evidence of tracer coupling under these conditions, it is reasonable to infer that QX-314 also did not detectably diffuse into the weakly coupled cells. These electrophysiological observations support the conclusions of Long et al. (2005) that spikelets arise from electrotonic coupling, and are consistent with the hypothesis that weak coupling and small spikelets occur either directly through mini gap junctions and/or involve an intermediary neuron linked by gap junctions to the recorded cell (see Fig. 14A ). Additional studies with specific gap junction blockers could potentially test this hypothesis, assuming such agents can be shown not to alter the membrane properties of SCN neurons.
Properties of electrotonic coupling
The observation of SCN neurons not showing spikelets in the current study (ca. 50%) may reflect the relatively low number of neuronal gap junctions in the SCN. Alternatively, the SCN neurons without observed spikelets could represent cases: a) where the non-recorded coupled neuron was not spontaneously active (this seems unlikely, since most SCN neurons are thought to be spontaneously active), b) where the coupling potential in the recorded neuron triggered action potentials that masked the underlying spikelets, or c) where the spikelet was too small to be observed above the noise. The neurons with clear spikelets may represent weakly coupled cells with mini gap junctions, and the few cases of more strongly coupled cells may reflect the low frequency of occurrence of larger gap junctions (Fig. 14A) . Most of the other coupling was between 0.02 and 0.08, which would generally be considered to be very weak, if not barely detectable. Our detection of putative spikelets Ͻ1 mV presumably represents weak coupling and demonstrates that the recordings had ade- quate signal-to-noise ratio to detect weak coupling during paired recordings.
Functional implications of neuronal gap junctions to the generation of circadian rhythms
A fundamental conceptual problem is that there is no established mechanism by which the individual neuronal clocks in the SCN maintain a coordinated circadian rhythm of population activity and behavior. Although chemical synapses clearly regulate the electrical activity of SCN neurons, it is not clear how they might synchronize the intracellular mechanisms that underlie the circadian clock. The slow nature of the circadian clock (i.e. ca. 24 h, by definition) means that relatively small (mini) gap junctions among small groups of neurons throughout the SCN could, in principle, synchronize the population of SCN neurons. The observations of Schwartz and coworkers (1987) in which TTX injections into the SCN temporarily and reversibly abolished circadian rhythms are consistent with the hypothesis that gap junctions between SCN neurons mediate communication of small, diffusible circadian clock signals (i.e. the resumption of a coordinated circadian rhythm of behavior without a detectable phase change after withdrawal of the TTX suggests that the individual clock cells communicated even though TTX blocked the sodium-mediated action potentials). The small number of large gap junctions and 10-fold greater abundance of neuronal mini gap junctions revealed here, combined with evidence for limited coupling, suggest that coupling-mediated spike-for-spike synchronization among SCN neurons is present but relatively rare. Previous research with single-and multiple-unit recordings in hypothalamic slices containing the SCN (Bouskila and Dudek, 1993) has shown that when chemical synaptic transmission is blocked with a solution that contains a low extracellular concentration of calcium, a loose synchronization of action potential firing occurs (see Fig. 14B ). The key result from that study was that the population of SCN neurons showed a form of synchronization that was dominated by multipleunit bursts of action potentials where many neurons were not synchronous with other nearby neurons, and only some of the units displayed spike-for-spike synchronization. The current results provide an important ultrastructural line of support for the hypothesis that a role of gap junctions, particularly small ones, may be to synchronize electrical and metabolic activity over minutes and hours (Bennett and Zukin, 2004) vs. the millisecond time frame typically thought to occur in spike-to-spike synchronization via larger gap junctions. In the future, it will be essential to determine the identities of the neurons on both sides of these gap junctions and the nature of the signals that are passed.
